Abstract-In this paper, a polarization-independent wide-angle planar metamaterial absorber exhibiting dual directional absorption is proposed. Measurement results indicate that the planar metamaterial absorber achieves absorptivities of 86.87% and 91.48% to the normally incident electromagnetic waves propagating in forward (+z) and backward (−z) directions, respectively. Due to geometry's fourfold rotational symmetry, the absorber is polarization-independent. Additionally, the absorber works well for a wide range of incident angles for both transverse electric and transverse magnetic polarizations. Besides its impressing performance, this planar metamaterial absorber is also extremely thin that it's thickness is approximately 1/32 of the working wavelength.
INTRODUCTION
Presently, with perfect absorption and ultra-thin thickness metamaterial absorber has attracted great attention worldwide. In 2008, N. I. Landy et al. [1] firstly demonstrated a perfect experimental metamaterial absorber composed of an electric ring resonator over a cut wire which were separated by a lossy dielectric substrate. The electric response derives from the electric ring resonator, on the other hand, the magnetic response is aroused by antiparallel currents in the cut wire and the center wire of the electric ring resonator. From then on, metamaterial absorbers operating at microwave [2] [3] [4] [5] , terahertz [6] [7] [8] [9] [10] , infrared [11] [12] [13] [14] [15] [16] , and optical [17] [18] [19] frequencies have been widely researched. However, most of the metamateiral absorbers mentioned above are asymmetric in wave propagation direction, therefore, these absorbers have high absorption in one direction while little absorption in opposite direction. S. Gu et al. [20] proposed a low-reflection two-dimensional metamaterial absorber based on lumped elements. Although this absorber can absorb waves in two directions normal to its surface, its polarization dependence as well as lumped elements make the fabrication complicated. C. G. Hu et al. [21] proposed a dual directional absorption planar metamaterial absorber. The magnetic resonance of the absorber achieves simultaneous dropping in transmission and reflection at terahertz frequency, however, it is also polarization dependent.
A polarization-independent wide-angle dual directional planar metamaterial absorber is designed, simulated and measured in this paper.
The planar metamaterial absorber with extremely thin thickness which is just about 1/32 of the working wavelength is comparatively easy to realize.
DESIGN AND SIMULATION
The proposed metamaterial absorber is composed of a doubly periodic array of face-coupled pairs of Jerusalem cross and split square ring Figure 2 shows the simulation results of the metamaterial absorber. Since the metamaterial absorber is symmetric in wave propagation directions, the forward (along the +z direction) reflection and transmission are the same as backward (along the −z direction) results, Figure 2 only shows the simulated reflection, transmission, and absorption of the metamaterial absorber under +z direction incident wave. The reflection as well as the transmission have declined to their minimum simultaneously at 11.15 GHz. This brings about a peak absorption of 92.7%.
To confirm the polarization-independent feature of the proposed metamaterial absorber, the absorptive characteristic has been analyzed under normal incident plane waves with various electric field polarizations. The polarization angle φ is defined as the angle between electric field (E) and x-axis as shown by the inset in Figure 1 (a). The simulated results of different polarization angles are shown in Figure 3 . Due to the fourfold rotational symmetry of the geometry, the magnitude and frequency of the peak absorption are both nearly invariant as the φ increases from 0 • to 90 • . Therefore, the proposed metamterial absorber is insensitive to the polarization angle of the normal incident wave.
To better understand the nature of the proposed metamaterial absorber, the current distribution at peak absorption frequency 11.15 GHz is shown in Figure 4 . It clearly displays that the antiparallel currents are primarily concentrated on the central parts of Jerusalem cross shaped conductors. The antiparallel currents give rise to a magnetic resonance. The metamaterial absorber also exhibits electric resonance due to the excitation of co-directional currents on the pair of split square rings. At this frequency, the strength of the magnetic resonance overwhelms the electric resonance, and thus the high absorption can be attributed to the magnetic response of the structure.
Moreover, simulation results of absorption expressed by a function of frequency and incident angle in transverse electric (TE) and transverse magnetic (TM) polarizations has been presented in Figure 5 . Under the condition of TM polarization, the absorption peak is nearly independent of the incident angle and achieves 90% even at 70 • . This The distribution of the power loss density for the metamaterial absorber at 11.15 GHz. is because the direction of the incident wave's magnetic field remains unchanged with various incident angles and it can efficiently drive the circulating currents at all incident angles. However, the magnetic field cannot drive the circulating currents efficiently at large angles [7] under TE polarization. Eventhough, the absorption still achieves 60% at 70 • . As the simulation results reveal, the metamaterial absorber performs well under both TE and TM polarizations over a wide range of incident angles.
To better the comprehension of the physical insight, Figure 6 shows the distribution of the power loss density at the peak absorption frequency of the metamaterial absorber. As shown in Figure 6 , the strong power loss is mainly focused on the two arms of the Jerusalem cross which is primarily caused by the strong magnetic coupling.
Absorption for different material properties of metal layers and dielectric layer is shown in Figure 7 . The copper and lossfree FR-4 achieve a absorptivity of 46.77%. The PEC and lossy FR-4 nearly achieve the perfect absorption of the copper and lossy FR-4. Consequently, high absorption is mainly generated by the dielectric loss of FR-4 dielectric substrate rather than the Ohmic loss of metal patterns.
To further study the resonant behavior of the proposed metamaterial absorber, real and imaginary parts of both retrieved surface electric susceptibility and magnetic susceptibility denoted as χ es and χ ms respectively [22] [23] [24] have been demonstrated in Figure 8 (assuming e iωt time dependence). For a TE polarization normal incident plane wave, the two surface susceptibilities are determined by
where r and t are the reflection and transmission coefficients at normal incidence, and k 0 is the wave number in free space. Metasurface, also called single-layer metamaterial, is defined as a periodic twodimensional structure, of which the thickness and periodicity are small compared with the wavelength in the surrounding media [24] . Since a metasurface does not have a well-defined thickness, appropriate and unique parameters to characterize the metasurface are surface susceptibilities. This retrieval approach has no needs to choose the appropriate sign of a square root, nor require the assumption of an arbitrary layer thickness. It can also be applied to a bilayer metamaterial [25] . In Figure 8 , an electric resonance as well as a magnetic resonance occur at frequencies of f e = 10.99 GHz and f m = 11.18 GHz, respectively. This further demonstrates that the peak absorption at 11.15 GHz is mainly aroused by magnetic resonance.
The dependence of both magnetic resonance frequency f m and electric resonance frequency f e on the split square ring's gap g has been shown in Figure 9 . Simulation results demonstrate that f e is rather sensitive to the gap g while f m is independent of g. By varying the gap g, the electric resonance can be tuned very carefully and moved to the magnetic resonance frequency, which can makes the metamaterial absorber impedance-matched to the free space and obtain large losses due to the strong resonance. This causes that both reflection and transmission achieve their minimum simultaneously as shown in Figure 2 .
The dependence of absorption on Jerusalem cross arm's length denoted as l has been plotted in Figure 10 . As l increases from 2 mm to 3.5 mm, the peak absorption frequency decreases. Further, the absorption still remains greater than 80% with a length l larger than 2.3 mm. Simulation results in Figure 10 demonstrate that both magnetic and electric resonance shift towards lower frequencies with a larger length l. 
FABRICATION AND MEASUREMENT
In this paper, we used rectangular waveguide test system to verify the absorption. This method can detect all reflected and transmitted waves so as to obtain the absorption of normal incidence. The waveguide method only needs to test a small scale metamaterial absorber sample, and the test system is also simple. The proposed metamaterial absorber sample designed according to Figure 1 is realized with standard printed circuit board technology. A photograph of the sample (4 × 2 unit cell sample with 22.8 mm × 10.1 mm) is shown in Figure 11 (a). The measurement system shown in Figure 11 (b) is composed of a standard X-band rectangular waveguide BJ100 and an HP8720ES vector network analyzer.
The rectangular waveguide test system can only measure the reflection and transmission of the sample for normal incident TE polarization electromagnetic wave, and due to the fourfold rotational symmetry of the sample unit cell, S parameters of both normal incident TE and TM polarizations electromagnetic waves are the same, so we just need to test the sample under normal incident TE polarization electromagnetic wave. The measured reflection, transmission and absorption of the metamaterial absorber with incident waves along the forward (+z) and backward (−z) directions are plotted in Figure 12 . The forward and backward reflections are minimized at 11.08 GHz simultaneously. Both of the forward and backward transmission curves are nearly the same and get the minimum at the same frequency 11.08 GHz. The peak absorption values of the forward and backward normal incident waves are 86.87% and 91.48% respectively. The measured results agree well with simulation data and verify the dual directional absorption of the proposed metamaterial absorber. The redshift of the peak absorption frequency compared with simulation results is mainly caused by fabrication tolerance. The overall thickness of the metamaterial absorber is only 0.84 mm which is approximately 1/32 of the working wavelength.
CONCLUSION
In conclusion, a polarization-independent dual directional absorption planar metamaterial absorber has been designed, simulated as well as fabricated in this paper. Experimental measurements demonstrate the dual directional absorption of the metamaterial absorber. The thickness of the planar metamaterial absorber is ultra-thin that it is approximately 1/32 of the working wavelength. This metamaterial absorber has many advantages such as simple design, strong practicability and bright application foreground. 
